Objectives: The pathogenesis of burn wound progression is poorly understood. Contributing factors include continuous loss of blood perfusion, excessive inflammation, and elevated apoptosis levels in wound tissue. Macroautophagy (here referred to simply as "autophagy") is associated with many chronic diseases. The authors hypothesized that autophagy is involved in burn wound progression in a rat model of deep second-degree burn.
B
urn wound progression is a widely acknowledged pathophysiologic process that often occurs within 72 hours after a burn. 1 The progression of burn wounds makes treatment more difficult, prolongs hospital stay, increases costs, and increases the likelihood of scarring. For these reasons, it is of great significance to prevent burn wound progression. A number of mechanisms are thought to be involved in the process of burn wound progression, including local tissue hypoperfusion, edema, prolonged inflammation, hypercoagulability, free radical damage, and accumulation of cytotoxic cytokines. [1] [2] [3] Many attempts have been made to prevent burn wound progression by modulating these mechanisms. However, further study is still needed to better understand this process.
Recently studies 2 have suggested that cell death may occur as a result of three distinct pathways, including necrosis, apoptosis, and autophagy, all of which may lead to further burn injury progression. Studies have shown that apoptosis and necrosis are both involved in burn wound progression, 4, 5 and it has been demonstrated 5 that apoptosis is one of the contributing factors of burn wound progression. Inhibiting apoptosis reduces continuous tissue loss and promotes burn wound healing. 6, 7 However, to date, little is known about the relationship between autophagy and burn wound progression. Autophagy 8, 9 is a highly conserved pathway that delivers intracellular macromolecule waste to lysosomes, where they are degraded into biologically active monomers, such as amino acids, that are subsequently reused to maintain cellular metabolic turnover and homeostasis. Autophagy is linked to apoptosis in many ways, yet their roles in the pathogenesis of burn wounds remain unclear. This study was designed to determine whether there were changes in autophagy and apoptosis in a deep second-degree rodent burn model and to explore the association between these changes and wound progression.
METHODS

Study Design
This was a laboratory study of burn wound progression in the murine model. The experimental protocol was approved by the Institutional Animal Care & Use Committee of First Hospital Affiliated to PLA General Hospital.
Animal Handling and Preparation
Experiments were performed on 56 male Wistar rats weighing 200 to 220 grams. Animals were housed for at least 7 days prior to experiments in a ventilated and temperature-controlled room and had access to water ad libitum.
Anesthesia was performed by intramuscular injection of 100 mg/kg ketamine (Gutian Pharmaceutical Co., LTD, Fujian, China) and 25 mg/kg xylazine hydrochloride (Dunhua Animal Pharmaceutical Co., LTD, Jilin, China). The hair on the dorsal skin of the rats was removed by electric clippers. A 1.8-cm-diameter brass rod with a height of 3 cm, and a weight of 200 g was heated to 100°C and applied to the skin for 6 seconds to produce a deep second-degree burn as previously described. 10 Only the weight of the rod was used to create the burns; no additional pressure was placed on it. To avoid variations in creating the burns, one person created all burns. Three burns were created on each half of the dorsal skin at 1 cm apart. Six burns (10% total body surface area, approximately) were created on each animal. The temperature of the brass rod was regulated by a temperature controller and varied by <1°C during the process of thermal injury. The burn depth was confirmed by two experienced histopathologists and, by microscopic examination, showed destruction of hair follicles and vessel walls, microthrombi, and neutrophils in the deep dermis, yet a few hair follicles remained.
Study Protocol
Animal Grouping and Tissue Preparation. The rats were randomly divided into six time points (eight rats at each time point) to assess postburn endpoints at 1, 6, 12, 24, 48, and 72 hours. Eight healthy adult rats without burns were used as controls. The control group was assumed to be unchanged over the time course of the investigation. The data from the control group were used for multiple comparisons with the experimental groups at each time point. After laser Doppler flowmetry (LDF) values were measured, the rats were euthanized. All skin/wound samples were collected and sorted by the number of rats; in other words, the eight samples in each time point were from eight different rats. The samples were subjected to hematoxylin and eosin (H&E), Masson's trichrome staining (Masson staining), terminal-deoxynucleoitidyl transferase mediated nick end labeling (TUNEL) assay, and immunohistochemical (IHC) staining. The other parts of the specimen were homogenized for myeloperoxidase (MPO) activity assay and Western blot analysis.
Western Blot Analysis. Western blot analysis was employed to determine the protein levels of two autophagy markers, Light Chain 3 (LC3) and beclin-1. Expression of these markers reflected autophagy levels in burn wounds. The autophagy marker LC3 was originally identified as a subunit of microtubule-associated proteins 1A and 1B and was subsequently found to display similarity to the yeast protein Apg8/Aut7/Cvt5, which is critical for autophagy. 11 Cleavage of LC3 at the carboxy terminus immediately following synthesis yields the cytosolic LC3-I form. During autophagy, LC3-I is converted to LC3-II through lipidation (the covalent binding of a lipid group to a peptide chain) by an ubiquitin-like system involving Atg7 and Atg3 that allows LC3 to become associated with autophagic vesicles. 12 The ratio of LC3-II/LC3-I has been used as an indicator of autophagy. 13 Beclin-1, the mammalian ortholog of the yeast autophagy protein Apg6/Vps30, is one of the proteins critical to autophagy. 14 The level of beclin-1 was also an indicator of autophagy. 15 The skin/wound samples were cut into small pieces and homogenized (DIAX 900, Heidolph, Schwabach, Germany; 4°C, at 25,000 rpm, for 5 minutes) in lysis buffer containing 50 mmol/L Tris HCl (pH 7.6), 20 mmol/ L MgCl 2 , 150 mmol/L NaCl, 0.5% Triton-X, 5 units/mL aprotinin, 5 lg/mL leupeptin, 5 lg/mL pepstatin, 1 mmol/L benzamidine, and 1 mmol/L phenylmethylsulfonyl fluoride. The debris was removed by centrifugation, and the protein levels in the lysates were determined by bicinchoninic acid protein assay kit (Pierce Biotechnology, Rockford, IL). Protein (50 lg) in the lysates was separated using sodium dodecyl sulfatepolyacrylamide 15% gel electrophoresis and electrophoretically transferred to a polyvinylidene difluoride membrane. The membranes were blocked for 2 hours at room temperature in Tris-buffered saline with Tween (TBST) buffer (0.01 mol/L Tris-HCl, pH 7.5, 0.15 mol/L NaCl, and 0.05% Tween 20) containing 5% skimmed milk. They were then incubated with rabbit anti-LC3 antibodies (1:500, Cell Signaling Technology, Boston, MA) and anti-beclin-1 antibodies (1:500, Cell Signaling Technology) diluted in TBST buffer overnight at 4°C. The membranes were washed three times and incubated for 1 hour at room temperature with secondary antibody linked to horseradish peroxidase (1:2000; Invitrogen, Carlsbad, CA). Immunoreactive bands were developed using an enhanced chemiluminescence reagent (Pierce Biotechnology) and exposed onto Kodak film (Eastman Kodak, Rochester, NY). Band densities were normalized using glyceraldehyde-3-phosphate dehydrogenase and quantified using a scanning densitometric analysis Image J software (National Institutes of Health, Bethesda, MD).
Immunohistochemical Staining of LC3. In addition to Western blot assay, we performed IHC staining of LC3 to be supplemented with visualized images. Samples were fixed in 10% neutralized formalin, embedded in paraffin, and sectioned by a slicing machine (Leica Microsystems, Wetzlar, Germany). Serial sections (5 lm) were deparaffinized, rehydrated, and washed in phosphate-buffered saline (PBS) for 10 minutes and then incubated in hydrogen peroxide block for 10 minutes. This was followed by washing with PBS containing 0.3% Tween for 10 minutes and blocking with 3% milk and 5% fetal bovine serum in 0.01 mol/L PBS for 2 hours. The sections were incubated with rabbit anti-LC3 antibodies (1:100; Cell Signaling Technology) diluted in PBS overnight at 4°C. After being rinsed with PBS, the sections were incubated with goat anti-rabbit secondary antibody (1:500; Boster, Wuhan, China) for 1 hour at room temperature. Since LC3 is expressed in the cytoplasm, cells staining blue in their nuclei and brown in their cytoplasm were considered positive. The sections were observed under a light microscope at 400 9 magnification. The investigators were blinded to the animal grouping. Slices were photographed continuously and nonoverlapping from left to right, up to down. Pictures were numbered and random fields were obtained by random number method generated by computer. The final value of a slice was obtained by a mean value from at least six random high-power fields. Quantitative analysis was performed using Image-Pro Plus 6.0 software (Media Cybernetics, Rockville, MD) and integrated optical density was computed for statistical analysis.
TUNEL Staining to Examine Apoptosis in Wound
Tissue. To investigate the apoptosis level of burn wounds, we conducted TUNEL staining to see how the apoptosis level in burn wounds would change after the burns were inflicted. The TUNEL staining assay kit (Roche Diagnostics, Penzberg, Germany) and all associated procedures were performed according to the manufacturer's instruction booklet for the in situ cell death detection kit. Briefly, samples were fixed in 10% neutralized formalin and embedded in paraffin. Serial sections were deparaffinized, rehydrated, and incubated for 20 minutes at 37°C with proteinase K working solution (15 lg/mL in 10 mmol/L Tris-HCl, pH 7.5). After being rinsed twice with PBS, slices were incubated in hydrogen peroxide block for 10 minutes, and then 50-lL TUNEL reaction mixtures were added on the slices. Slices were incubated for 60 minutes at 37°C in a humidified atmosphere in the dark. After being rinsed with PBS, slices were added to 50 lL of converter-peroxidase and incubated in a humidified chamber for 30 minutes at 37°C, and then 50 lL of diaminobenzidine substrates was added and the slices were incubated for 10 minutes at 25°C. After being rinsed with PBS, slices were analyzed under a light microscope. Cells with shrunken brown-stained nuclei were considered positive. The investigators were blinded to the animal grouping. Slices were photographed continuously and nonoverlapping from left to right, up to down. Pictures were numbered and random fields were obtained by random number method generated by computer. The apoptotic rate was obtained by counting the TUNELpositive cells compared to all the visible cells at a 400 9 magnification. A mean value was calculated from at least eight values and the final values were subjected to statistical analysis.
H&E and Masson Staining. H&E and Masson staining were performed to evaluate the histopathologic changes of burn wounds. Masson staining was also designed to show the extent of tissue necrosis progressed over time. The assay kits were purchased from Fuzhou Maixin Bioengineering Institute (Fujian, China). For H&E staining, sections were deparaffinized and rehydrated. After slices were washed and dried, hematoxylin was added for 5 minutes; after rinsing with water, 1% HCl alcohol solution was added for 10 seconds. Slices were washed for 25 minutes, 0.5% eosin was added for 2 minutes, and then slices were dehydrated with 95% and 100% ethanol. Dimethylbenzene was added for 5 minutes, twice. Slices were observed under a light microscope. For Masson staining, sections were deparaffinized, rehydrated, and incubated in hematoxylin iron solution for 10 minutes. Hydrochloric acid alcohol was added for 1 minute and then slices were washed for 25 minutes. Acid fuchsin solution was added for 8 minutes and 1% phosphomolybdic acid for 5 minutes. After that, slices were incubated with aniline blue for 5 minutes, and 1% glacial acetic acid was added for 1 minute. Slices were then dehydrated in 95% and 100% ethanol and transparentized in dimethylbenzene. Slices were observed under a light microscope.
Detection of LDF Value in the Wound Tissue. Laser Doppler flow values in burn wounds were an indicator of burn wound blood flow. 10 We designed the LDF assay to observe the blood flow changes in burn wounds over time and its potential link with the changes of autophagic levels in the process of burn wound progression. For measurement of LDF, the rats were anaesthetized using the same protocol as in the experimental model. LDF was measured with a commercial Periflux 5000 probe 404 device (Perimed, Stockholm, Sweden). LDF was measured according to the instructions of the product specification booklet as provided by the company. Briefly, specialized double-faced adhesive tape was used to bond the probe and rat skin and the perfusion unit value was read by the computer. Each wound was trisected horizontally and vertically, so nine partitions were established. Random samples were obtained by random number method generated by computer. The final perfusion unit value of a burn wound was obtained by a mean value from at least six random perfusion unit values within the wound. The room temperature was maintained at 23°C (SD AE 1°C) and the humidity was 45% (SD AE 3%).
Detection of MPO Activity in Wound Tissue. Myeloperoxidase activity reflects the inflammatory response in the burn wound. 10 We performed this assay to determine the changes in inflammatory infiltration of the burn wound over time and its potential link with the changes of autophagic levels in the process of burn wound progression. Determination of MPO activity in the burn wound tissue specimens was assayed according to a commercial kit and the manufacturer's instructions (Nanjing Jiancheng Bioengineering Institute, Jiangsu, China). Briefly, fresh tissue samples (100 mg) were homogenized on ice in 500 lL of PBS, pH 7.4, containing 0.1% Tween 20. Subsequently, samples were centrifuged at 16,000 9 g at 4°C for 10 minutes. Supernatants were stored on ice for immediate analysis. Twenty microliters of tissue extract was incubated with 200 lL of substrate buffer consisting of 4.39 mL of 1.0 mol/L monobasic and 0.615 mL of 1.0 mol/L dibasic potassium phosphate, 83.3 lL of 0.3% H 2 O 2 , and 0.834 mL of ortho-dianisidine HCl quantum sufficit to 50 mL with double distilled water. A plate reader was programmed to read optical density changes at 460 nm over a 2-minute period. MPO activities in samples were determined using a standard curve of purified MPO in the kit. Data are expressed as units of activity per gram of tissue.
Data Analysis
As there was no related literature, we performed a pilot study to obtain the mean values and SDs of the two major assays, Western blot of LC3 and TUNEL staining, in each group. According to the results of the pilot study, we estimated that the anticipated decreases of autophagy level as determined by Western blot of LC3 at 1, 6, 12, 24, 48, and 72 hours postburn versus normal level were 1.88, 3.46, 4.7, 4.34, 4.31, and 3.69 (optical density), respectively, and the anticipated increases of apoptotic rate as determined by TUNEL staining at 6, 24, 48, and 72 hours postburn versus normal level were 2.29, 8.81, 12.05, and 6.01%, respectively. The sample size was then obtained by using NCSS-PASS 11.0.4 software (NCSS, LLC, Kaysville, UT), assuming a significance level a = 0.05 and a power of test 1 -b = 0.9.
Statistical analysis was undertaken using SPSS 18.0 software (IBM SPSS, Armonk, NY). Data are presented as means and standard errors (AESEs). The data from the control group were used for multiple comparisons with the experimental groups at each time point. Analysis of variance was used and multiple group comparisons were performed by using Dunnett's tests. Values of p < 0.05 were considered statistically significant.
RESULTS
Western Blot Analysis
Levels of LC3 and beclin-1 protein were maintained at a certain degree in normal skin tissue (normalized optical density, 3.69 [SE AE 0.07] and 0.67 [SE AE 0.01], respectively). After the burn was inflicted, levels of these proteins declined continuously in wound tissue until 24 hours after the burn. Levels then increased slightly, but remained significantly (p < 0.01) lower than in normal skin samples. Quantitative analysis showed that autophagy levels decreased to one-fourth of normal level over 24 hours, and then gradually increased, but did not return to the normal baseline level during the 72-hour study (Figure 1 ).
TUNEL Assay
We found more cells undergoing apoptosis in burn wounds than controls. The mean apoptotic rates in burn wounds were 4.56% (SE AE 0.1%) at 6 hours, 11.76% (SE AE 0.25%) at 24 hours, 13.16% (SE AE 0.23%) at 48 hours, and 8.14% (SE AE 0.22%) at 72 hours versus 2.23% (SE AE 0.1%) of controls (p < 0.05 at 6 hours; p < 0.01 at 24, 48, and at 72 hours). The TUNEL-positive cells were mainly observed in the epithelium of hair follicles or blood vessels (Figures 2A-2D ). Quantitative analysis demonstrated that TUNEL-positive cells in burn wounds were elevated about 3.7-fold over 48 hours and then decreased slightly, yet remained higher than in normal skin ( Figure 2E ). 
H&E and Masson Staining
Histopathologic examination indicated that the burn wounds invaded progressively deeper levels of the skin as time progressed. At the 48-and 72-hour time points, there were fewer residual cutaneous appendages with more severe collagen denaturation, deeper tissue necrosis, and more profuse inflammatory infiltrates than at the 6-hour time point. Masson staining provided a good indicator of burn wound depth, and the boundary of the red dye defined the tissue necrosis boundary. 16 Deeper degrees of red coloration represented deeper penetration of the burn wound injury (Figure 3) .
Determination of LDF Value and MPO Activity
We found that blood flow, as measured by LDF values, decreased to one-fourth of normal level over the first 12 hours after injury and then began to rise but remained below (p < 0.01) the baseline normal level. The MPO activity increased about 5.3-fold over the first 48 hours after injury and then decreased slightly, but still remained higher (p < 0.01) than in normal tissue (Figure 4) .
Immunohistochemical Staining
Consistent with the results determined by Western blot assay, cells expressing LC3 in full-thickness wound tissues were significantly decreased as compared to controls (data not shown). By contrast, we found LC3-positive cells in the deep dermal layer adjacent to the subcutaneous tissue, which in this deep second-degree burn model may represent the zone of stasis, were much more than that of controls. In addition, we found that LC3-positive cells were mainly observed in the epithelium of hair follicles or macrophages (data not shown). Quantitative analysis demonstrated significant increases in LC3-positive cells in the deep dermis at 24 hours (p < 0.01), 48 hours (p < 0.05), and 72 hours (p < 0.01) postburn ( Figure 5 ).
DISCUSSION
Burn wound progression continues to present practitioners with a complex and challenging clinical scenario. Previous research indicated that burn wounds were characterized by local perfusion deficiency, edema, . Quantitative analysis demonstrated that TUNEL-positive cells in burn wounds were elevated about 3.7-fold over 48 hours and then decreased slightly, yet remained higher than in normal skin (E; scale bars = 50 lm, burn vs. normal control, *p < 0.05, **p < 0.01; n = 8 per group). TUNEL = terminal-deoxynucleoitidyl transferase mediated nick end labeling.
thrombosis, free radical damage, accumulation of cell toxicity factors, and inflammatory infiltration, all of which contributed to wound deepening. 3, [17] [18] [19] These factors are all thought to play an important role in burn wound progression, and previous studies have attempted, with variable success, to control burn wound deepening through interventions that counteract these mechanisms. 17, 19, 20 More recent studies have centered on investigating the role of apoptosis and necrosis in burn wound progression. It has been reported that the rate of cell apoptosis in deep second-degree burn wounds is much higher than in normal skin of burn patients, which indicates that apoptosis may be involved in burn wound progression. 4 Furthermore, prevention of apoptotic cell death in burn wounds can reduce dermal tissue loss Figure 3 . H&E and Masson staining of normal skin and burn wounds. Masson staining was a good indicator of burn wound depth. The red dye intensity reflects the tissue necrosis boundary. 16 The red dye intensity of burn wounds at 48 and 72 hours postburn (C, D) was markedly higher than that at 6 (A) and 24 hours postburn (B), indicating progression of wound depth with time. Fewer residual cutaneous appendages and more severe collagen denaturation were seen at 48 and 72 hours (C, D) than at 6 or 24 hours (A, B) . H&E staining of burn wounds at 6 (E) and 48 hours postburn and promote wound healing. 6, 7 Cellular apoptosis plays an important role in maintaining homeostasis, cell differentiation, and development; in fighting against pathogens; and in the removal of inflammatory cells. 21, 22 However, in models of myocardial ischemia, cellular apoptosis was found to aggravate ischemic damage, while reducing apoptosis reduced ischemic injury. 23 It seems likely that the increase of apoptosis exacerbated the ischemic damage within the deep dermal zone of burn wounds and thus participated in the burn wound progression.
Autophagy is a highly conserved pathway that delivers intracellular macromolecule waste to lysosomes, where they are degraded into biologically active monomers, such as amino acids, that are subsequently reused to maintain cellular metabolic turnover and homeostasis. 9 Autophagy principally serves an adaptive role to protect organisms against diverse insults, including infection, cancer, neurodegeneration, aging, and heart disease. Defects in the process of autophagy have been closely related to neurodegenerative disease, cardiomyopathy, diabetes, fatty liver disease, and Crohn's disease. [24] [25] [26] Enhancement of autophagic activity has been shown to protect against myocardial ischemia-reperfusion injury, 27 reduce neuronal ischemic anoxia injury, 28 slow down the process of aging, and protect against many diseases.
29
There are few published articles describing the relationship between autophagy and burn wound progression. It is well known that autophagy plays dual roles in cell survival and cell death. [30] [31] [32] During nutrient deprivation, ischemia, or inflammation, 33 autophagy is activated and has a cytoprotective role, but several stress stimuli can induce autophagy and, thus, distinct programmed cell death pathways can be activated when stress is not abolished. 34 It would be intriguing to know whether autophagy plays a prosurvival or prodeath role in the pathophysiology of burn injury progression.
In our study, the autophagy level was at first reduced and then increased, yet remained far below that in normal skin. We speculate that at the early stage of burn wound progression the number of cells undergoing autophagy is reduced as cellular necrosis becomes the predominant activity. At the latter stage, when the inevitable tissue necrosis ceased, the remaining viable tissue adjacent to coagulation was subject to ischemic and inflammatory damage among others, and then autophagy might serve to protect against these stress stimuli as a survival mechanism, which accounts for the later rise in the levels of autophagy. The prosurvival role of autophagy is supported by IHC staining that demonstrated significantly activated autophagy in the deep dermis, which in this burn model represents the zone of stasis (or ischemia). In addition, at the later stage (48 to 72 hours after burn injury), tissue perfusion was restored and inflammation was reduced in parallel with the increased levels of autophagy, which supports the prosurvival role of autophagy in this burn model. It is important to stress that the estimates of cutaneous blood flow obtained using LDF in this study are not absolute measurements of this parameter and may be affected by different instruments or anesthetics, among other possible variables. Since the same instrument, detecting techniques, and anesthetics were used for both groups, the comparison of relative blood flow between groups is valid. The data obtained should be used to estimate relative differences between groups and not as absolute point estimates.
Apoptosis interfaces with autophagy in many different ways, which are as complicated as autophagy's ambiguous roles in life and death. Some suggest that autophagy is a trigger for apoptotic cell death, 35, 36 while others argue that autophagy protects against apoptosis and inflammation. [37] [38] [39] In this study, the apoptotic rates determined by TUNEL assay in burn wounds rose at first and then declined after 48 hours postburn, which is almost completely contrary to the changes in the levels of autophagy. These findings may indicate the complementary roles of autophagy and apoptosis in this model of burn wound progression. However, further study is still needed to confirm these hypotheses, and the underlying cellular and molecular mechanisms involved in this process urgently need to be disclosed.
LIMITATIONS
Our study is limited by its small sample size and relatively short follow-up period. Furthermore, the study is also limited to rats and cannot necessarily be generalized to other, larger species. There was no attempt to correlate the study findings with longer-term healing endpoints such as reepithelialization and scarring. Further study is still needed to demonstrate if enhanced or decreased autophagy, through intervening measures, would alter apoptosis rate, burn wound progression, and wound healing.
CONCLUSIONS
Our study demonstrated reduced levels of autophagy and blood flow together with increased levels of inflammation and apoptosis during the early course of burn wound progression in a rodent model. These findings suggest that autophagy and apoptosis play complementary roles in the process of burn progression. Enhanced autophagy in the deep dermal layers may function as a prosurvival mechanism against inflammation and ischemia.
